I is emitted continuously in large amounts by reprocessing plants in La Hague and Sellafield. For determination of mobility in soil, we provide results of column experiments with undisturbed natural soils. Directly after short-term (28 days) contact with water from the bottom, iodine shows high upwards mobility only due to capillary forces. Furthermore, desiccation of the contaminated tracer reservoir led to an even stronger migration effect, which indicates remobilization of iodine from the drying soil layers. Chemical speciation proves difficult, as either gaseous iodine or organically bound iodine attached to dissolved organic matter are possible for the upward migration processes.
Introduction
The total environmental 129 I inventory was increased substantially since the beginning of the nuclear age [1] . Recent analyses of 129 I/ 127 I ratios gave detailed insight into the extent of releases, especially from the reprocessing plants in La Hague and Sellafield [2] . With its long half-life (15.7 Mio years), 129 I has to be considered an important anthropogenic radionuclide for long-term dose assessment.
With his comprehensive work, Hou [3] provided information on many aspects of the distribution and behavior of 129 I in the marine environment. This (radioactive) isotope appears to be useful for many purposes, especially as a tracer for water currents in the northern hemisphere. Its anionic species, iodide (I − ) and iodate (IO 3 − ), are proven to have a high mobility in aqueous systems under most frequent natural conditions [4] . On top of that, also aerial distribution has to be noted as potential pathway from iodine in sea water onto the shore [5] . As can be seen in the Fukushima nuclear accident in 2011 and different releases in central Europe, aerial distribution of iodine (in this case 131 I has been analyzed) has to be considered critical [6, 7] . Dispersion depends strongly on temperature and weather conditions, whereby both gaseous iodine and particulate iodine are distributed in the atmosphere.
As soon as the mobile iodine enters ground water, contact to soil and possible transfer into the biosphere are enabled. In order to characterize the migration behavior of iodine in soil, detailed information on soil structure, microbial activity and oxygen supply have to be known [8] .
Nowadays, many aspects of iodine behavior in soil are well known. Early studies on this topic have been performed by Whitehead et al. [9] [10] [11] on iodine behavior in soil in the 1970s. Many follow-up studies confirmed their findings [12] [13] [14] . Generally, the most important factors influencing iodine sorption and migration are: the amount of soil organic matter (SOM), metal oxides present in the soil, and the microbial activity [15] [16] [17] . In this context, it has been stated that transformation from iodide into iodate and further into molecular iodine (I 2 ) is enabled when oxidizing bacteria are present [18] . In addition to the above-mentioned iodine species occurring more frequently, recently published work reported on triiodide (I 3 − ) and hypoiodous acid (HIO) [19, 20] .
Theory
Many soil column experiments make use of homogenized soils for improvement of reproducibility and for detailed determination of sorption characteristics. Pre-preparation of soil is an acknowledged approach on sorption studies; however, this procedure disturbs the natural soil characteristics that are indispensable for the description of iodine migration processes.
In contrast to fundamental work on iodine soil migration [21] , we conducted column experiments without preceding homogenization of the soil. Distinctive differences in flow characteristics have been highlighted before [22] . When saturated with water, homogenized soils show distinctive breakthrough patterns, expressing characteristic linear flow along coherent grain boundaries that discriminate only between the different mineral structures of soils. Undisturbed soils, however, usually show a bimodal pore structure with macropores, which enable different flow scenarios, as for example the preferential flow or the filling of cavities. Especially for modelling purposes, this behavior has to be considered critical.
Concerning iodine migration behavior, it is well known, that redox conditions in soil and pore water have a great influence on mobility and sorption. Iodine is significantly more mobile under anoxic soil conditions, leading to fast upward relocation with pore water from saturated soil layers, which is the result of reduction processes that constantly keep iodine in its oxidation state of (I − ) [23] . Water saturated soils tend to promote iodine uptake in plants, simply by providing increased mobility. This phenomenon was reported particularly for rice paddy soils [24] , further characterized by the inclusion of the different species [25] , and complemented with detailed information of microbial activity on the volatility of iodine [26] . Certainly, iodine speciation has to be considered critical for sorption and migration processes in soil [27, 28] .
For our experiments, we decided to use an undisturbed soil system, without direct agricultural background to describe the capillary rise as well as the volatilization processes as key factors for iodine migration. Hence, the overall aim of the experiments is to provide insight into possible scenarios, in which contaminated groundwater reaches nearsurface soil layers.
Experimental
Eight undisturbed soil columns were obtained from a soil under a formerly extensively managed meadow in Hanover, Germany. The sampling device consisted of a stainless steel tube and a poly vinyl chloride inlay. Element characterization was performed by ICP-MS and ICP-AES analysis (iCAP Q, Thermo Fisher Scientific) and an analyzer for nitrogen, oxygen and metal oxides. The elemental analysis was preceded by an acidic microwave digestion. Apart from the silicate residue, the entire soil matrix was dissolved and decomposition yield was determined with the help of an 125 I tracer. The results of soil characterization are displayed in Table 1 . The chosen soil is of the sandy type, which has been shown to have low capability for capillary rise. According to the World Reference Base of Soil Recourse, the soil used can be classified as cambisol [29] .
At first, soil columns were placed in a polypropylene box filled with approx. 2 cm of sand. The box was then filled with 10 −2 M CaCl 2 solution that contained 10 −5 M potassium iodide. About 10 MBq of radioactive 125 I tracer (dissolved in KOH, which contains less than 10 ppb of stable iodine) was added at the first filling for detection purpose; however, mass concentration did not exceed 10 −13 g. After addition, the solution level was 2 cm above the bottom of the soil columns, giving direct contact of solution to the lowest column segment. Charcoal filters were placed on the top side of each column, and the box was sealed airtight. There was no direct contact of the charcoal filter to the soil surface to prevent suction effects. Charcoal filters were measured for radioactive iodine uptake after column sampling, however, provided little to no traceable amounts of iodine. Airtight sealing was opened once a week for re-filling of pore water solution. Figure 1 shows a schematic illustration of the experimental setup.
After completion of preparation, the water level was kept constant for 300 days, after that no further solution was added. Furthermore, as the experimental setup was built up in a laboratory located in a basement, the ambient conditions were kept constant during operation. This resulted in a relatively constant temperature ranging between 23 and 28 °C. Relative humidity varied between 25 and 40%, following a day-night-cycle, as well as the climatic conditions outside the laboratory to a certain extent. After defined periods of time, five out of the eight soil columns were cut into segments of 2 cm length. Sampling was timed as follows: 28, 45, 88, 123, and 386 days after tracer addition. Cutting process was performed without drying beforehand to prevent subsequent iodine movement due to evaporation. Each 2-cm segment was homogenized, air dried, filled into petri dishes, and measured in triplets. Each petri dish was filled with approx. 12 g (± 1 g) of sample material.
For the radiometric analysis, a solid-state scintillation sodium iodide detector was used for direct gamma counting of 125 I tracer. Samples were measured for 150-1000 s, depending on the activity levels present in each sample. Selfabsorption of low energy gamma rays by soil is a known issue and was addressed by data adjustment. For geometric calibration purpose, samples with known activity distribution were measured beforehand, and decay correction was applied for each measurement.
Results and discussion
The results of the measurement are displayed in Fig. 2 , plotted as percentage of total amount of 125 I tracer in each soil column for all 2-cm segments. The analyzed columns were cut into nine segments, resulting in a depth profile reaching from 0-2 to 16-18 cm. As a general remark, it has to be mentioned that the segment 16-18 cm was in direct contact with the soil pore water solution. Therefore, those segments show definitely the highest percentages.
For every time point, one soil column was used to prepare homogenized triplets, which in this turn were used for calculating uncertainties. In order to be able to compare the soil columns with each other, total activity for each column was calculated. Mean activity was at 2050 kBq ± 369 kBq, with no visible trend between the individual columns. This shows that the activity was distributed relatively homogeneously despite the use of undisturbed soil. Variations in the individual columns were taken into account by calculating the percentage of total activity per column.
Considering only the iodine distribution after 28 days, a clear migration of iodine can be observed in this short period of contact with the tracer solution. The segments 12-14 and 14-16 cm contain roughly 40% of the total iodine content, which is a direct proof for capillary rise of pore water solution. Traceable amounts can be seen even in 8-10 (0.9%) and 10-12 cm (3.7%) depth.
The soil column, sampled after 45 days, does not show a different migration pattern as compared with the column sampled after 28 days, but confirms the minor differences of the soil columns instead. Around 60% of the total iodine Results of the migration experiment after 28, 45, 88, 123, and 386 days. Refilling of water reservoir was stopped after 300 days. Given numbers represent the percentage of total iodine measured in each soil column. Uncertainties are given as standard deviation from the mean values of the triplets. Segments with '0.0' showed signals within the natural background is detectable in the segment, which had direct contact to the solution. Considering the uncertainties, the distribution of iodine in both columns can be regarded equal, although, signals found in the higher segments of the second column are slightly lower. After 88 days of contact time, a constant dispersion within the lower layers can be observed. Migration is limited to the segments between 8 and 16 cm. Iodine content of the 10-12 cm segment seems to resemble that of the corresponding segment sampled after 28 days, whereas 5.4% less iodine can be found in 12-14 cm.
After approx. 4 months (123 days), however, a distinct change in the migration pattern is observable. Contrary to the columns sampled earlier, a major relocation of iodine from the lower into the upper layers can be seen. Segments 4-6, 6-8, and 8-10 cm, show 0.5, 1.7, and 10.6%, respectively, of the total iodine content of the column. Iodine dislocation is even enhanced after desiccation of the soil column. Approx. 1 year (386 days) after starting the experiment, and 86 days after the last re-fill of pore water solution, the iodine migration pattern has shifted even further towards the upper part of the column. The most notable increase of iodine signal is found in 6-8 cm with 4.5% after 386 days, which clearly demonstrates the upward movement of the tracer by capillary forces, including dislocation by evaporation. As a consequence of this, the amount of iodine found in the lower segments are lower compared to those of the corresponding segments of the first columns. Expressed in numbers, the soil column sampled after 1 year shows a reduction of total iodine for the segments 14-18 cm; from 95.3 to 64.4%, and an increase from 4.6 to 34.4% for the segments of 8-14 cm.
Two distinct effects were clearly observable during this migration experiment: In the first place, the fast migration of iodine in the vadose zone during continuous moistening, and secondly, an enhanced dislocation and redistribution of iodine, as soon as the columns fall dry and the moisture content decreases considerably. In the first months of our experiments, the iodine content in all of the segments kept constant within the uncertainties. Especially the lower parts of the soil column that were in direct contact with the tracer solution proved little to no change in iodine distribution. This result is to be expected, as the most abundant iodine species under low redox potential is iodide. Iodide is proven to be highly mobile within aqueous solutions, which is also the case for soil pore water, as long as the contact to the reservoir exists. During the first weeks to months, iodine migrates quickly into the pores within the lower soil layers, which are constantly supplied with solution. At the end of the filled pores, i.e. where the capillary fringe is located and which correlates to the beginning of the vadose zone, redox conditions are changing. Hence, the oxic environment is expected to cause a species shift from of iodide to iodate. As the chemical sorption of iodine is not completely understood yet, however, some authors suggest that iodate is sorbed more strongly [30, 31] . Therefore, the reduced mobility of iodine within the first months might be explained with iodate being the predominant species in the transition zone between anoxic and oxic conditions. Furthermore, iodination of humic and fulvic acids has been observed before, which is another important transformation process to consider after addition of iodide. It has been stated before that the formation of iodine bound to dissolved organic matter can result in increased iodine mobility [15, 16] . During our experiments, the formation of organically bound iodine within the dissolved organic matter is another explanation for upward migration as soon as the soil column ran dry and evaporation effects increased.
Fast uptake into the vadose zone is confirmed by the works of Ashworth et al. [21, 32] . They observed high iodine mobility within 6-9 month, resulting in increased iodine concentration in the vadose zone. Indications for a migration barrier in the zone of transition between anoxic and oxic soil conditions is described thoroughly.
However, this characteristic pattern changed after approx. 4 months, when higher percentages were detected within the central part of the sampled soil column. Apparently, the iodine mobility did not terminate after reaching the transition zone. Different approaches have to be considered to gain comprehensive understanding of this migration process. The most trivial explanation is the consideration of undisturbed soil providing enhanced properties, i.e. the amount of available macro pores. An example for this is the naturally grown capillary system, and with that improved migration pathways against gravity. Furthermore, the increased temperature and reduced humidity in our laboratory during summer months show a distinct effect on migration. Start of the experiment was in February, leading to sampling of the third column in June after 123 days of contact time. Temperature increased greatly over this period (up to 28 °C) and facilitated continuous upward migration of pore water. These correlations represent the comprehensive performance of soil at different weather conditions, however, lack the description of associated ground water fluctuation, as refilling was performed manually to maintain a constant water level.
In order to elucidate the upward migration process, which underwent further progression after termination of pore water addition, more detailed explanations are necessary. The enhanced migration indicates re-mobilization of iodine previously present in pore water, which subsequently underlies the suction pressure from the dried top layers of the soil. Additionally, due to the relatively high vapor pressure of iodine, relocation has most likely taken place within the air dried soil column. Increased mobility due to formation of iodine intermediate species, most likely elemental iodine, has been suggested before [33] . The second possible explanation is the remobilization of iodine bound to dissolved organic matter. Relocation of the transition zone is certainly of high interest, particularly for redox-sensitive elements.
Despite the fact, that some of our observations coincide with the findings of Ashworth et al. [21] , distinct differences can be seen as well. In their work, no further relocation of iodine, apart from the increased concentration in the vadose zone, was stated. Two explicit reasons for this contradictory outcome are the influence of plants and the homogenization processes. The use of plants decelerates further iodine movement within the soil, likely due to uptake into the plants or the changing redox environment in the rhizosphere.
Use of plants for migration experiments is necessary, especially when considering the uptake and determination of soil-plant transfer factors. Particularly, the release of plant exudates proves to be of great impact, as the surrounding soil is acidified and provides completely different redox conditions, compared to uncultivated soil [34] . Accumulation of radioactive iodine in the near-surface soil layers and use of such areas as arable land is a considerable hazard. Thus, in order to gain elaborate insight into potential pathways of iodine from ground water to soil and subsequently into the biosphere, both types of experiments-with and without plants-should be considered for future experimental setups.
Another critical difference between previous work on this topic and our observations is that the influence of undisturbed soils on migrations processes is taken into account. It has been stated before, that macro pores affect the downward flow of water in a significant manner [22] . However, few have considered this process of upward (volatile) migration in their work. Since iodine has been shown to be a rather volatile element, the possibility of remobilization via volatilization arises. Despite the fact that volatilization of iodine from soil is reported in the literature for more than 20 years [35, 36] , little effort has been made to link that process understanding with migration behavior. Our experiments demonstrate the importance of connecting (aqueous) iodine geochemistry with the chemistry of gaseous iodine.
Conclusion
Our work underlines the highly mobile nature of iodine, which has been stated before for the aqueous and gaseous phases, but has not been confirmed for undisturbed soils in upward direction until now. In the first months, little mobility was observed, as migration took place only within the saturated zone. Definite changes in mobility were monitored after contact times longer than 6 months, and likewise during and after the drying process of the soil. Apart from the co-transport of iodine bound to dissolved organic matter, which in turn is mobilized by the evaporation of the pore water, the formation of volatile intermediate species, most likely elemental iodine, seems to be a key factor for the enhanced mobility. Due to remobilization being a critical issue, we suggest that future work on iodine migration in soil should consider upward migration in more detail. The use of undisturbed soil columns can provide detailed insight into the underestimation of iodine mobility in transition zones within the soil, i.e. between the water-saturated layers and the vadose zone found in our experiments. Nevertheless, heterogeneity of undisturbed soil has to be taken into account when performing this type of experiment. Due to the fluctuations of the water level, the redox conditions change and a relocation becomes possible due to transformation processes. Eventually, iodine mobility is greatly reduced when reaching oxidizing conditions; however, remobilization can take place as soon as there are water level fluctuations. This key transformation process is highly considerable for future works on this topic.
